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ABSTRACT   
Resonant tunneling diodes (RTDs) provide high speed current oscillation which is applicable to THz generation when 
coupled to a suitably designed antenna.  For this purpose, the InGaAs/AlAs/InP materials have been used, as this system 
offers high electron mobility, suitable band-offsets, and low resistance contacts.  However for high current density 
operation (~MA/cm2) the epitaxial structure is challenging to characterize using conventional techniques as it consists of 
a single, very thin AlAs/InGaAs quantum well (QW).  Here, we present a detailed low temperature photoluminescence 
spectroscopic study of high current density RTDs that allow the non-destructive mapping of a range of critical 
parameters for the device.  We show how the doping level of the emitter/collector and contact layers in the RTD 
structure can be measured using the Moss-Burstein effect. For the full device structure, we show how emission from the 
QW may be identified, and detail how the emission changes with differing indium composition and well widths.  We 
show that by studying nominally identical, un-doped structures, a type-II QW emission is observed, and explain the 
origin of the type-I emission in doped devices.  This observation opens the way for a new characterization scheme where 
a “dummy” RTD active element is incorporated below the real RTD structure.  This structure allows significantly greater 
control in the epitaxial process.  
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1. INTRODUCTION 
Resonant tunnelling diodes (RTDs) find application in terahertz wave electronics and photonics including spectroscopic 
sensing, imaging, and ultra-broadband wireless communications [1]. The RTD is a compact, coherent, room temperature 
THz device that lends itself to integration with other functional electron/optical devices [2]. As wireless data rates have 
been doubling every 18 months, following Edholm’s law of bandwidth, it is predicted that higher carrier frequencies will 
need to be accessed for future data rates, and presently unused regions of the electromagnetic spectrum will need to be 
utilised [3].  To date, the resonant tunnelling diode (RTD) is recognised as the fastest electronic device, with a reported 
fundamental oscillation at 1.86 THz [4]. The majority of THz RTDs are based upon the InGaAs/AlAs/InP material 
system for high frequency performance.  Fig. 1(a) shows a typical I-V characteristic of a dual pass high current density 
(J~700 kA/cm2) InGaAs/AlAs/InP RTD [5] and (b) pictographically shows a typical monolithically integrated RTD THz 
emitter [6]. THz radiation is generated when the RTD biased in the negative differential conductance (NDC) region and 
a standing wave of the electromagnetic field is formed within the slot antenna. The RTD THz device requires tight 
growth tolerances including layer thickness, alloy composition, and doping concentration to achieve large voltage spans 
(∆V) and current spans (∆I), as depicted in Fig. 1(a), for a high output power. The maximum oscillation frequency is 
limited by the transit time of the charge carriers in the NDC region, as illustrated in Fig. 1(a). Good wafer-to-wafer 
reproducibility and wafer-scale uniformity are required for the low cost mass-manufacture of these devices.  So far, the 
required level of reproducibility of the RTD for high-volume low cost manufacture (typically less than 5 % of a pre-
specified mean for electronic device characteristics [7]) has not been fully demonstrated yet. 
 
 
 
 
 
 
 
Fig.1. (a) I-V characteristic of a typical 700kA/cm2 RTD (b) Schematic of a typical RTD THz emitter. The SEM image is 
zoomed-in on the RTD and slot antenna. 
The crystal growth and device fabrication of these devices is challenging as the current-voltage (I-V) characteristic and 
carrier transport of the RTD are highly sensitive to the epitaxial layers parameters (i.e. thickness, composition, and 
doping) and final device dimensions [8].  The characterisation of the structural parameters of the RTD required for 
growth optimisation is problematic as the structure is typically very thin (< 10 nm) and is not periodic. Transmission 
electron microscopy (TEM), secondary ion mass spectrometry (SIMS), electrochemical capacitance-voltage (eCV) 
profiling [9], X-ray diffractometry (XRD), and room temperature photoluminescence (PL) spectroscopy are typical 
characterisation techniques for the material analysis of epitaxial structures, yet they provide either limited information in 
a short cycle-time (eCV, XRD, PL), or are costly and have a long cycle-time with regard to growth optimisation (e.g. 
TEM, SIMS). XRD and PL are regarded as highly favorable production environment characterisation tools as they are 
non-destructive.  To engineer higher current density/frequency devices, a precise knowledge of the resonant energy 
levels is also important.  In particular, the energy of the first confined resonant electronic state above the conduction-
band of the emitter, ΔE, is a critical parameter. Determining the absolute energetic position of the resonant energy level 
using conventional characterisation techniques has not been possible so far. 
In this paper, we report on low temperature PL spectroscopy of ~MA/cm2 resonant tunnelling diodes (RTDs) for rapid 
and non-destructive characterisation of the growth process and device optimisation. We show how to apply PL to non-
invasively measure the doping concentration of the emitter/collector and contact layers by using the Moss-Burstein (MB) 
shift. This measurement lends itself readily to wafer mapping.  We go on to demonstrate how the emission from the 
individual layers may be investigated in detail using selective layer excitation by scanning the excitation laser across the 
edge of the sample.  Furthermore, we propose and demonstrate a novel characterisation technique for the full device 
structure using PL through a combination of type-I and type-II emission using a ‘dummy’ RTD buried in the RTD 
structure. This technique allows important structural parameters such as alloy content and QW thickness, interface 
roughness and alloy scattering to be investigated, and the absolute energy of the first electron resonant energy level of 
the RTD to be determined. 
2. PHOTOLUMINESCENCE SPECTROSCOPY OF RESONANT TUNNELLING DIODE 
Fig. 2(a) shows a low temperature PL spectrum at 15 K of a typical RTD structure with a 4.5 nm compressively strained 
In0.80Ga0.20As quantum well (QW) sandwiched between two 1.1 nm tensile strained AlAs barriers and highly doped 
(n=3x1018cm-3) lattice matched InGaAs for the emitter and collector layers. A frequency doubled neodymium doped 
yttrium vanadium oxide (Nd:YVO4) laser at 532 nm was used as excitation source. The luminescence was dispersed by 
a double grating Bentham DMc150 monochromator and detected by an InGaAs transimpedance amplified photodetector. 
The lower left inset of Fig. 2 shows the identical spectrum plotted on a linear scale. Three distinctive emission features 
are observed at 789 meV, 834 meV, and a broad emission at ~920 meV. We previously attributed these emission lines to 
the undoped InGaAs, QW, and the n+ InGaAs layers, respectively [10]. We highlight the need for low temperature 
measurements as raising the sample temperature above 50 K results in a broadening and merging of these features. We 
also identified that the PL emission energy from the n+InGaAs layer increases with doping concentration due to the MB 
effect. Using the MB shift, we have been able to non-destructively measure the free-electron concentration of the 
emitter/collector and contact layers using low temperature PL and map the uniformity across full 2” wafers. The top right 
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inset of Fig. 2(b) shows the calibration curve, measured on a n+ InGaAs calibration test-structure, to relate the n+ 
InGaAs emission energy to a free-electron concentration in that layer. More details of this calibration are reported 
elsewhere [10].   To minimise the PL from the undoped InGaAs and QW layers interfering with the measurement, the 
emission is measured at -20 dB intensity at the high energy doping tail. Arrows in Fig. 2(a) indicate the -20 dB energies 
at the high energy tails of the emitter/collector and contact layers. Using the doping calibration curve, free-electron 
concentrations of 6x1018cm-3 and 3x1019cm-3 are determined for the emitter/collector and contact layers, respectively. 
We have confirmed good agreement between the measured free-electron concentrations with PL and measurements 
carried out using eCV profiling. 
To investigate the emission lines of the QW and InGaAs layers in greater detail, selective layer excitation was applied by 
using a PL linescan technique across the edge of the wafer. Fig. 2(b) shows the measured PL intensity as a function of 
energy for 103 scans measured across the edge of the sample in the epitaxial direction with a 10 micron step size. The 
technique, schematically illustrated in the inset of Fig. 2(b), allows a partially quantitative PL map with higher resolution 
than can be obtained using standard positioning of the stages due to the very shallow angle used (less than 1 degree).  
Due to the finite excitation spot size, the PL emission from the 4.5 nm QW is spread across multiple spectra. This 
technique also allows a more accurate measurement of the emission linewidths as the spectral overlap between emission 
lines is minimised.   PL linewidths of 7 meV and 27 meV are measured for the undoped bulk InGaAs and QW emission 
lines, respectively. For the undoped bulk InGaAs emission linewidth, variations in alloy composition of < 1 % are 
estimated over the exciton volume. The energetic position of the InGaAs emission line also confirms lattice matched 
growth on InP. Whilst the energetic position of the InGaAs emission line provides information of the ternary alloy 
composition, the energetic position of the QW emission provides information of the average well width, and its linewidth 
provides a good measure of the structural perfection. As the indium concentration in the QW approaches the binary 
compound InAs, alloy broadening in the QW is expected to be less pronounced than in the case of the bulk alloy.  Within 
the exciton volume, we therefore expect alloy compositional fluctuations of less than 0.5 % in the In0.80Ga0.20As QW.  
Low alloy broadening is required for good device performance to minimise alloy scattering which degrades device 
performance. With regard to QW interface roughness, no evidence is found in Fig. 2(b) of extended ML fluctuations due 
the lack of strong discrete luminescence peaks in the spectra. The lateral extension of interface roughness is therefore 
expected to be less than the exciton size (few tens of nm for the in-plane direction [11]) and the excitons are directly 
probing the interface roughness of the barrier interfaces [12]. We note that ML fluctuations of the barrier thickness are 
also expected to have a significant role in modifying the linewidth of the transition. 
 
Fig.2 (a).  Low temperature PL spectrum of the RTD structure on a logarithmic scale. The lower left inset shows the 
identical spectrum plotted on a linear scale. The top right inset shows the PL calibration curve for doping 
measurements. (b) PL measured at 15 K as a function of energy measured along across the edge of the sample. The 
inset pictographically shows the PL line scan technique across the edge of the sample. 
3. PHOTOLUMINESCENCE CHARACTERISATION FOR RESONANT TUNNELLING 
DIODE OPTIMISATION 
The energetic position and linewidth of the QW emission in Fig. 2 provide limited information about the structural 
parameters of the RTD.  A type-I QW luminescence characteristic is observed in RTD structure as the doping induced 
electron density within the QW is high (1018 cm-3) which may recombine with captured photo-generated holes in the 
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well [13]. For this type-I recombination, low temperature PL provides a measure of the QW width and composition.  A 
unique, independent measurement of these two parameters is not possible, nor is the absolute energetic position of the 
QW resonance known.  This would be possible if both type-I and type-II emission from the QW were observed.  This 
combination of type-I and type-II emission is therefore expected to provide more information of the structural 
composition and electronic band structure of the RTD.  
To enable type-I and type-II QW emission from the RTD, a structure was designed and grown with an identical undoped 
‘dummy’ RTD buried in the InGaAs buffer layer below the active QW. Fig. 3(a) shows a schematic of the layer 
structure.  In order to accurately deduce the structural parameters from the THz RTD, we highlight the need to grow both 
QWs in a single structure to ensure that identical growth conditions are applied to both QWs. 
 
Fig.3 (a) schematic of the RTD layer structure with ‘dummy’ RTD buried in the InGaAs buffer layer (b) Band-structure at 
15 K of a InGaAs/AlAs/InP RTD with undoped emitter/collector layers showing the possible energetic transitions. The 
horizontal red lines indicate the first and second electron states and first heavy-hole state. ML, BW, WW, and [In] are 
defined as monolayer, barrier width, well width, and indium concentration of the QW, respectively. 
A sensitivity analysis was carried out to investigate the effect of the layer thickness of the AlAs barriers, the thickness of 
the compressively strained quantum well (QW), and the indium content of this nominally In0.80Ga0.20As QW on the 
confinement energy of the first electron and heavy-hole states. Fig. 3(b) shows the low temperature band-structure of the 
undoped RTD structure with the resonant energy levels of the RTD structure modelled using a transfer matrix method, 
and band alignments determined by the model-solid theory. The possible luminescence transitions which may occur in 
such a structure are indicated by arrows. The effect of the structural parameters is included in the figure. From our 
calculations, we confirm that the confinement energy of the electrons in the QW is a strong function of the quantum well 
width (WW) and the indium content [In], but is significantly less sensitive to variations in barrier width (BW).  For the 
holes, as expected for a significant increase in mass (from 0.03m0 to 0.60m0), there is a considerable reduction in the 
sensitivity of the confinement energy to all parameters. Type-II emission is expected to occur from the ‘dummy’ RTD as 
the electrons in the spacer layers will recombine with confined holes in the QW as the electron escape time of the 
photogenerated electrons ( ~ 100 fs) is significantly less than the free exciton-recombination time ( ~ 1 ns).  To a first 
approximation, the energy of the type-II transition, as indicated in Fig. 3(b), is dominated by the alloy composition of the 
QW and band-offsets, whilst the energy of the type-I transition, is dominated by the well thickness and alloy composition 
(once the band-offsets have been determined).  Low temperature PL measurements were carried out at 15 K on the RTD 
structure shown in Fig. 3(a).  
Fig. 4 shows power dependent low temperature PL spectra measured at 15 K on (a) the as-grown sample, and (b) a 
sample with the active QW selectively etched off. We etched the active QW in Fig. 4(b) to prevent spectral overlap 
which would interfere with the measurement.  In addition to the emission features at 803 meV and 829 meV as 
previously observed in Fig.2(a), weak emission is observed below the band-gap energy of bulk InGaAs at 769 meV 
(lowest excitation power density). This emission lends evidence to the type-II QW emission, as the emission energy is 
below the band-gap energy of ternary InGaAs and shows a strong power dependency, as expected for type-II emission 
[14].  The energetic position of the type-II QW emission provides information on the depth of the potential well, due to 
the low quantisation energy in the heavy-hole band. For a four order magnitude increase in excitation power density, a 
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linewidth broadening from 8 meV to 17 meV is observed for the type-II emission. This is attributed to the 
electrostatically induced triangular QW which becomes more pronounced with increasing excitation power density due 
to the Coulomb attraction between the electrons and trapped holes. This interaction broadens the electronic states and the 
effect of ML barrier fluctuations are therefore expected to become more significant due to the increased electron wave 
function overlap with the barriers.  Furthermore, due to the asymmetric doping profile of the QW, the electrostatic 
potential formed is expected to be asymmetric, with this asymmetry (and hence broadening) becoming more pronounced 
with increasing PL excitation power. For the QW hole states contributing to this emission linewidth, lifetime broadening 
is negligible, and the sensitivity of the emission energy to structural parameters is very weak.  If a linewidth of 7 meV is 
assumed for the electrons in the ternary InGaAs from the measured InGaAs linewidth, then the holes confined within the 
QW contribute around 4 meV to the linewidth broadening.  We note that the type-I QW transition has a total linewidth of 
20 meV, and that the ratios of these broadenings are similar to the ratio of effective masses of the electrons and holes.  
Furthermore, whilst the energetic position of type-II QW emission contains information on the alloy composition of the 
quantum well, type-I QW emission allows the QW thickness to be deduced.  
 
Fig.4. Excitation dependent PL spectra of the RTD structure at 15 K (a) before and (b) after etching the active QW. The 
insets pictographically show the etched structures. 
Fig. 5 shows the measured peak emission energies of both QWs as a function of the third root of the excitation intensity.  
The emission line from the ‘dummy’ QW shows a stronger excitation power density dependence than the active QW, 
whilst the bulk InGaAs emission does not follow this trend and remains constant. 
 
Fig.5. Peak emission energy as a function of excitation density for the active (type-I) and ‘dummy’ RTD QW (type-II). The 
band-structure shows the possible luminescence transitions. 
The energetic difference between the type-I and type-II emission provides a direct measurement of the absolute energetic 
position of the first electronic state of the RTD above the emitter layer energy, which is a critical parameter. To minimise 
the effect of band-bending due to the photogenerated charge carriers, and of possible heating due to the laser excitation 
in the analysis, we extrapolated the peak emission energies to zero excitation power density and obtain a ∆E value of 61 
±5 meV.  A band-offset ratio of 67:33 is deduced from these measurements, which is in-line with expected values 
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(~76:24 for the InAs/GaAs material system [15]).  From theory, we calculated a ∆E of 110 meV, which is most likely an 
overestimated value due to band-offset uncertainties. The technique we have proposed and demonstrated is therefore 
very useful as no prior knowledge of the band-offset of this highly strained heterostructure is required to determine the 
relative energetic position of the first resonant energy level of the RTD.  
4. CONCLUSIONS 
We have reported on the use of PL characterisation as a rapid, low-cost, and non-destructive tool for growth monitoring 
and optimisation of high current density InGaAs/AlAs/InP high current density RTD for THz applications. We showed 
how PL charactrisation may be applied to measure the absolute doping concentration of the highly doped 
emitter/collector and contact layers using the Moss-Burstein shift. We demonstrated how selective layer excitation may 
also be applied to investigate emission linewidths through minimising the spectral overlap between emission lines. We 
designed and grew a new RTD structure with a ‘dummy’ RTD buried in the InGaAs buffer layer which allows us to 
monitor the structural composition in detail. With our technique, we were able to measure the relative position of the first 
electron resonant energy level with regard to the emitter energy, ∆E, through the analysis of type-I and type-II QW 
emission.  
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